q57.-The effect of insulin on transport of n-glucose, D-mannose, D-fructose, D-xylose, L-arabinose and mribose through the cell membrane has been studied. Each sugar was infused into eviscerated rats with or without insulin for I or 2 hours. The accumulation of free sugar within the cell was determined in the diaphragm, heart, gastrocnemius and brain. Intracellular sugar was estimated by subtracting the amount of sugar in the extracellular fluid space, as determined with mannitol-r-C 14, from the total tissue sugar. In muscle virtually no intracellular free sugar was detected in the absence of insulin whereas, in the presence of insulin, large amounts were found except in the case of D-ribose. Since these sugars do not arise by intracellular metabolism, it was concluded that insulin accelerated their transport through the cell membrane. These and other observations support the view that membrane transport in muscle is a site of insulin action. The transport process is distinct from phosphorylation and presumably involves combination of the sugar with a constituent of the cell membrane. In brain, no effect of insulin was observed. D-Mannitol, D-ribose and D-fructose did not pass the blood-brain barrier to a measurable extent. This explains the inefficacy of fructose in relieving the symptoms of hypoglycemia. WEVINE and associates (3-5) first observed L that insulin increased the volume of distribution of several poorly metabolized hexoses and pentoses in the body water of eviscerated-nephrectomiaed dogs. This effect was at tributed to accelerated transfer of these sugars into tissue cells. The authors indicated that transfer was accelerated only in those instances where the sugar had the same configuration as glucose in the first three carbon atoms. They proposed, by analogy, that insulin might also accelerate the entrance of glucose itself into certain cells.
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We have reported more direct evidence that insulin accelerates the transport4 of glucose itself. It was found in experiments with rat muscle in vitro (6) and ipz vivo (7) that the hormone caused a rise in intracellular free glucose, accompanied by an increase in glucose utilization. These and other observations using galactose led to the following conclusions. a) In muscle, transport is the rate limiting step for the uptake and utilization of glucose-in the absence of insulin. b) The transport of glucose and galactose in muscle is accelerated by insulin.
Glucose thereby becomes available in larger amounts for phosphorylation and its over-all utilization is increased c) The transport process precedes glucose phosphorylation. d) Transport in brain is probably not accelerated by insulin.
In the present study, observations have been x4 PARK, JOHNSON, WRIGHT AND BATSEL made on the effect of insulin on the transport Samples between 200 and 800 mg were placed of several other hexoses and pentoses in the in mortars containing 5-8 ml of boiling 80% muscle and brain of eviscerated rats. An ethanol and were minced with scissors. The acceleration of transport was detected by the mortars were then removed from the bath and accumulation of free intracellular sugar in these left in the air stream at the edge of a hood until tissues. Intracellular sugar was estimated by the alcohol was evaporated. They were dried the difference between the total free sugar of further &z z~acu~ for 18 hours. The dry the tissue and the extracellular sugar. The material was ground to a fine powder with latter could be estimated from the extracellular sand, extracted with 6 ml of water and treated concentration, which was taken to be the same with 0.5-1.0 ml each of 0.3 N Ba(OH)z and as in the blood serum, and the extracellular ZnS04. After centrifugation, the supernatants volume, as measured with mannitol-I-C14.
were then shaken with a small amount of a 3: I mixture of moist Duolite A-4, hydroxyl METHODS form, and Dowex 50, hydrogen form. The resins General Procedure. Rats of the Spraguewere very effective in reducing the background Dawley strain weighing gm were color in the case of fructose and pentose fasted about 18 hours before use. They were analyses. eviscerated and in most instances nephrectoAliquots of blood serum were diluted mized under Nembutal or urethane anesthesia appropriately, precipitated with Ba(OH)z and immediately before use in order to eliminate &SO4 and deionized as above. the release of endogenous insulin and reduce
The following analytical methods were metabolic transformation of the sugars. employed for the above solutions: fructose Immediately following operation, the rat according to Roe (8) or Kendrick (9), pentose was infused for 2 hours at a constant rate according to Mejbaum (IO) as modified by through the tail vein with the test sugar in I Horecker and Smyrniotis (I I>, glucose by the ml of 0.9% NaCl/roo gm of rat. The concen-microenzymatic procedure using yeast hexotration of sugar was adjusted to give approxikinase and glucose-&phosphate dehydrogenase mately the same range of final blood serum (I 2), mannose and galactose by paper chroma.= levels in the control and hormone-treated tography. For the last, the solutions were evayseries. Insulin-treated animals received IOO orated to dryness in conical centrifuge tubes. pg/roo gm of glucagon-poor insulin intraThe residues were taken up in o.15 ml of water venously (Eli Lilly, lot no. 466368) at the start of the infusion, and 20 pug in the infusion and o.os-ml aliquots were transferred in duplicate to paper with concurrent standards. The solvent system was amyl acetate, pyridine and water in the ratio 4: 3 : I. The sugar was developed by heating with aniline hydrogen phthalate (13). The color was stable if not exposed to strong light and permitted an estimation of the quantity of sugar by reading the intensity of color in the spectrophotometer after elution from the paper with a I: I pyridine-water mixture. Sugar concentrations were expressed in terms of the water content of the blood serum and tissues, using the values of 96% and 76 %, respectively.
Determination of Extracellular Volume of
Tissues. Extracellular volume in muscle was estimated by the ratio of tissue to blood serum mannitol concentrations. Measurements of manitol were based on radioactivity, using mannitol-r-C14 (Bureau of Standards, Washington, D. C.). Approximately I pc in 30 mg of carrier/r00 gm of rat was injected at the start of glucose infusions, carried out as described Number of experiments is shown in parentheses. * P < 0.01, insulin vs. contr01.
above. Blood serum and tissue extracts, prepared as described for chromatography, were plated and counted in a windowless gas flow counter. The amount of solid was so small as to require no correction for self-absorption. All the tissue radioactivity was accounted for by mannitol as shown by paper chromatography.
The estimate of extracellular volume in the brain was based on the chloride determinations of Timiras and associates (14) .
Expression
of Results. The distribution of free sugar in the tissue is indicated by the ratio of the tissue to blood serum concentrations. This ratio gives the minimum fraction of tissue water in which the sugar could be distributed at the same concentration as in the blood serum. This mode of expression permits comparisons to be made among animals irrespective of the absolute level of blood sugar, as discussed previously (I, 7). The ratio indicates an extracellular distribution of free sugar when it is equal to or less than the ratio for mannitol and intracellular penetrat,ion when it exceeds the mannitol value.
RESULTS

Mannitol
Space of Muscle and Brain. The volume of extracellular water, determined as the mannitol space, in the diaphragm, heart and gastrocnemius is shown in table I. Mannitol was a desirable substance for this purpose because of its close relationship in physical properties to the sugars studied. The values obtained were in reasonable agreement with measurements by other methods. It was clear that insulin did not cause a detectable penetration of the alcohol into the cell or alter the volume of the extracellular water. The very low values,in the brain indicated that the substance did not pass the blood-brain barrier. (table 3) . The values for the diaphragm and heart were nearly the same as obtained previously (7) after I hour of infusion, but the hormone effect in the gastrocnemius was appreciably larger and statistically high.ly significant in the present series. It should be also noted that there was no tendency for the distribution ra tio to increase as the blood sugar concentration was raised, an observation of Penetration of Hexoses and Pentoses Into the Brain.
Effect of Insulin on
The distribution ratios for free sugar in brain are presented in figure I . In no instance was there any significant effect of insulin. If the chloride space of 0.3 is taken as a rough index of the volume of extracellular water, it would appear that some of the sugars were present in the intracellular water. particular significance as will be discussed.
Estimates of the concentration of intracellular free sugar reached in the presence of insulin have been calculated from the foregoing ratios and are shown in table 4 . The values were consistently higher in the diaphragm and heart than in the gastrocnemius, a difference that we have previously ascribed (7) to the relatively poor vascular supply and absence of mechanical motion in the latter muscle. In no case did the intracellular concentration approach the serum concentration very closely. In this regard, however, it should be noted that the calculation assumes that the sugars reach a uniform distribution within the cell. If they were in fact excluded from some intracellular structures, such as the mitochondria or nucleus, the concentration in the available intracellular water would be appreciably higher. In the absence of insulin, the intracellular concentration did not significantly exceed o in any instance.
DISCUSSION
The estimation of tissue free sugar accumulation offers certain advantages for the measurement of transport over studies in which only the change in blood concentration is followed. By the present method it is possible to distinguish between membrane transport and intracellular utilization, since faster transport causes intracellular free sugar accumulation and faster utilization leads to its disappearance. Thus a hormone effect on the transport process specifically can be shown with metabolizable sugars including glucose itself. Tissue. analysis, furthermore, increases the sensitivity of transport estimations and allows differences in the response of various organs to be seen.
The present results show that insulin accelerates fructose transport into muscle cells. The utilization of fructose, however, is very little increased. Cori and Cori (15) found no increase in eviscerated-nephrectomized rats given insulin, and we have found in similar experiments a rise of only 0.07 mg/gm rat over the control rate of 0.29 mg/gm. This small effect can be explained possibly by the low capacity for fructose phosphorylation in rat skeletal muscle (I 2).
Goldstein and associates (5) postulated from their studies in the dog that mannose was not sensitive to the effect of insulin but was converted to glucose prior to entry into the cell. Our studies in the rat show that mannose transport is accelerated by insulin without prior conversion, since the intracellular sugar of the tissue was identified chromatographically as mannose. Drury and Wick (16) reached a similar conclusion in the rabbit using less direct methods.
The rise in intracellular free glucose in the diaphragm and heart with insulin administration confirms our earlier reports (I, 7). With the longer period of infusion in the present series it was possible to show a highly significant insulin effect in the gastrocnemius which was not demonstrated satisfactorily previously. This supports the view that there is no qualitative difference in the insulin response of the diaphragm, heart, and skeletal muscle.
It is clear that insulin must cause acceleration of a step in glucose uptake which, in the absence of the hormone, is rate limiting. Our experiments indicate, as discussed earlier (7), that this step is transport through the cell membrane. Helmreich and Cori (I 7) , however, have suggested that the rate limiting step may be the glucokinase reaction. They point out that the Michaelis constant of glucokinase is in the order of I X IO-~ M. Thus sufficient concentrations of glucose could be present within the cell to saturate the glucokinase system and make it rate limiting, yet not be detected by the present analyses. This suggestion, however, is made unlikely by the following consideration. No intracellular free glucose was found in the absence of insulin over the entire range of serum glucose concentrations from 5; to 940 mg %. It is well known, however, that a rise in external concentration alone causes an increase in glucose uptake and hence in the entry of the sugar into the cell, If glucokinase were in fact saturated at low extracellular concentrations, intracellular free sugar should accumulate when transport is increased by higher external concentrations. Since this did not occur, glucokinase was apparently at no time saturated and was not, therefore, rate limiting. It may become rate limiting, however, when transport is sufficiently accelerated to accumulate free sugar, as seen with insulin.
It is well known that insulin does not accelerate glucose uptake by the brain. This is in accord with the present observations that transport in. this tissue is not sensitive to the hormone. The distributions of D-mannitol, D-fructose and D-ribose were so low as to indicate that these substances pass the bloodbrain barrier very slowly if at all. This explains the observation that fructose, although more rapidly phosphorylated by brain hexokinase in broken cell preparations (I z), is much inferior to glucose in relieving the symptoms of hypoglycemia in the whole animal (IS). We h&e found that D-ribose is also ineffectual in this regard.
There are a number of indications that the passage of glucose through the membrane of muscle cells involves combination of glucose with some constituent of the membrane, a reaction analogous to that involved in transport through the erythrocyte membrane where the most detailed studies have been made. Simple diffusion is most improbable in view of the fact that when mannitol and glucose are infused together, mannitol is excluded from the cell while glucose enters readily. These substances are nevertheless very similar in size, solubility and lack of charge. A specific membrane combination is also indicated by the variation among sugars in transport rate with PARK, JOHNSON, WRIGHT AND BATSEL structure.
Glucose, for example, enters more rapidly than the pentoses in the absence or presence of insulin although the latter molecules are smaller. There is, furthermore, evidence suggesting competition among sugars for transport, presumably for the membrane combining site. Wick and Drury (19) showed that glucose reduces the rate at which gal.actose leaves the extracellular water in the eviscerated rabbit. More recently Fisher and Lindsay (20) have shown glucose inhibition of galactose transport in the rat heart, and we have obtained evidence (21) that glucose strongly inhibits z-arabinose transport in this muscle. It is of interest that phlorhidzin inhibits the transport step specifically in glucose uptake by the rat diaphragm and transport of glucose and L-arabinose in heart muscle (2 I). Phlorhidzin has been shown to be an inhibitor of transport in the erythrocyte (22). Our observations are at variance with the conclusion of Levine and Goldstein (3, 4) that a glucose configuration in carbon atoms I, 2 and 3 is requisite for an insulin effect since the transport of both D-mannose and D-fructose was accelerated. It would appear hazardous to make any detailed conclusions regarding structural specificity, particularly in view of the multiple forms of sugars in solution. We have recently observed (23) that beta-Dglucose has a higher affinity for the transport system in the erythrocyte than does alpha-Dglucose.
